We demonstrate the mode locking of external-cavity semiconductor lasers by using a saturable Bragg reflector as an external reflector. Output pulses of 1.9 ps were generated from the semiconductor lasers without dispersion compensation. By coupling the output to a standard single-mode filter with a length of 35 m to compensate for the linear chirp, we have achieved mode-locked pulse durations as short as 880 fs. © 1999 Optical Society of Ultrashort optical pulses have broad applications in electro-optic sampling, broadband submillimeter-wave generation, optical computing, and other areas of optoelectronics. Mode-locked semiconductor lasers are compact sources of ultrashort pulses. 1 Passive and hybrid mode locking has been employed to generate subpicosecond pulses in semiconductor lasers. The saturable absorber used in a passive or hybrid mode-locked semiconductor laser needs to satisfy the following requirements: The absorber should saturate faster than the gain medium, and the recovery time of the saturable absorber should be faster than that of the gain medium. Two main kinds of semiconductor saturable absorber were investigated for passive mode locking: proton-bombarded semiconductors and semiconductor quantum wells. The quantum-well absorbers whose absorption saturation is due to the screening of excitons by free carriers are attractive for use in passive mode locking because they are inexpensive and compact, cover a wide wavelength range, and have a fast response time.
Ultrashort optical pulses have broad applications in electro-optic sampling, broadband submillimeter-wave generation, optical computing, and other areas of optoelectronics. Mode-locked semiconductor lasers are compact sources of ultrashort pulses. 1 Passive and hybrid mode locking has been employed to generate subpicosecond pulses in semiconductor lasers. The saturable absorber used in a passive or hybrid mode-locked semiconductor laser needs to satisfy the following requirements: The absorber should saturate faster than the gain medium, and the recovery time of the saturable absorber should be faster than that of the gain medium. Two main kinds of semiconductor saturable absorber were investigated for passive mode locking: proton-bombarded semiconductors and semiconductor quantum wells. The quantum-well absorbers whose absorption saturation is due to the screening of excitons by free carriers are attractive for use in passive mode locking because they are inexpensive and compact, cover a wide wavelength range, and have a fast response time. 2 Recently a low-loss, epitaxially grown semiconductor saturable Bragg reflector (SBR) was demonstrated to be a powerful saturable absorber for passive mode locking. [2] [3] [4] [5] [6] [7] The SBR consists of semiconductor quantum wells embedded in a Bragg reflector and functions as a nonlinear mirror for saturable absorption. This design reduces the losses introduced in the cavity, increases the saturation intensity, and raises the damage threshold. 5 Femtosecond pulses have been generated by SBR's in passive solid-state lasers [2] [3] [4] [5] [6] and fiber lasers. 7 Although there has been progress in using solid-state lasers with SBR's, semiconductor optical sources have some special advantages. For example, the semiconductor lasers provide the advantages of high quantum efficiency, electrical pumping, and high repetition frequency in the optical communication system. To date, semiconductor lasers combined with SBR's have, however, not been studied to our knowledge. In this paper we report on the generation of short optical pulses in external-cavity mode-locked semiconductor lasers with SBR's. The SBR is shown to be highly effective in broadening the mode-locked spectrum and reducing the pulses width. Mode-locked pulses with 1.9-ps duration were generated without external compensation. By coupling the output light to a 35-m-long single mode fiber (SMF) to compensate for the linear chirp, we achieved optical pulses with durations of 880 fs.
The lasers used in the experiment were buriedheterostructure InGaAs/InGaAsP/InP multiple-quantumwell lasers grown by organometallic vapor phase epitaxy. The multiple-quantum-well active region consisted of five 5-nm-thick InGaAs quantum wells separated by four 22.5-nm-thick InGaAsP barrier layers. The lasing wavelength of the laser was 1.55 m. The laser was divided into three sections: a 30-m-long saturable absorber located on one edge of the chip, a 1-mm-long gain section in the center, and another 30-m-long section on the other edge. The last section was not used in the experiments. Other detailed information on the laser appears in Ref. 8 .
The pulse repetition rate of the mode-locked semiconductor laser was reduced to 1 GHz by coupling of the laser to an external cavity through two lenses, as shown in Fig. 1 . A conventional mirror or the SBR was used as the reflector of the external cavity. The facet facing the external cavity was antireflection (AR) coated to less than 1% reflectivity by Si-SiO 2 thin films. The structure of the SBR is shown in the inset of Fig. 1 . The SBR consisted of a semiconductor Bragg reflector and two sets of 15 InGaAs/ InGaAsP strain-compensated multiple quantum wells separated by 80 nm of lattice-matched InGaAsP. 9 To increase the bandwidth of the reflector, we employed 27 pairs of GaAs/AlAs quarter-wave stacks as the Bragg reflector instead of the conventional InGaAsP/InP mirrors. To confirm the suitability of this setup we simulated the reflectivity of 20-pair GaAs/AlAs and InGaAsP/InP Bragg reflectors as a function of wavelength, as shown in Fig. 2 . The GaAs/AlAs reflector shows a broader reflection bandwidth and lower loss because it has a large refractiveindex. The broader bandwidth is important for shortpulse generation with the SBR in applications at the telecommunication wavelength of 1.55 m. Because the GaAs/AlAs mirror stack is grown upon a GaAs substrate, we used the wafer-bonding technique to integrate the InP-based quantum wells with the GaAs-based Bragg reflector. 9, 10 The output light of the semiconductor laser was coupled into an optical fiber for testing. An optical isolator was employed to prevent disturbance from the reflected light. The output light was then amplified by a diode-pumped erbium-doped fiber amplifier (EDFA) and directed to a noncollinear second-harmonic generation (SHG) autocorrelator with a LiNbO 3 crystal and an optical spectrum analyzer.
The threshold current of the antireflection-coated laser was reduced from 95 to 58 mA when it was aligned in the external cavity. When the on-chip saturable absorber was reversed biased, passive mode locking occurred, and optical pulses were observed. The pulse repetition frequency was adjusted to be 1 GHz, corresponding to the round-trip frequency of the external cavity. Stable short optical pulses were achieved by proper adjustment of the cavity alignment, reverse-bias voltage, and forward gain currents. For comparison we used different external reflectors (planar mirror and SBR) to investigate the pulseshortening effect of the SBR. When a planar mirror was used as the external reflector, the shortest optical pulse width of 5.2 ps was obtained when the gain section and the on-chip saturable absorber were biased to 118 mA and Ϫ1.9 V, respectively. The autocorrelation trace is shown in Fig. 3 . Under the same bias condition, the pulse width was reduced to 1.9 ps when the planar mirror was replaced by the SBR (Fig. 4) . The SBR was involved in the pulse shortening, although mode locking was started by the on-chip saturable absorber. The shorter pulse duration in the latter case indicates that the mode-locking mechanism was dominated by the absorption dynamics of the SBR. The peak wavelength was tunable by adjustment of the position of the focusing lens between the laser and the SBR owing to the chromatic aberrations in the cavity. We found a broadening of the lasing spectrum when the laser was tuned to operate near 1565 nm, which corresponds to the excitonic absorption peak of quantum wells in the SBR. When the wavelength of the laser was moved away from the excitonic absorption of the SBR, the broadening of optical spectrum disappeared and the width of output pulses also increased. This result demonstrates the effectiveness of the SBR in broadening the mode-locked spectral width and shortening the optical pulses. Fig. 1 . Schematic of the experimental setup for mode locking with a SBR. Inset, structure of the SBR. The optical spectrum that corresponds to the 1.9-pslong pulses is shown in Fig. 5 . The spectral width of the mode-locked pulses was approximately 7 nm. The timebandwidth product of 1.63 was significantly larger than the theoretical value of 0.31 for transform-limited sech 2 pulses. This indicates that the pulses were strongly chirped, which may be due to the saturation of the carrier density in the absorber and the gain section. 11 The pulse width can be shortened by compensation for the frequency chirp. Grating pairs 12, 13 and prism pairs 14 are generally used to compensate for linear and the highorder chirp; however, these techniques are quite sensitive to alignment. The linear chirp can be compensated for by dispersive fibers. This scheme does not require any optical alignment and has low loss. In our experiments, a standard SMF with a group velocity dispersion of 16 (ps/ km)/nm and a dispersion slope of 0.07 (ps/km)/nm 2 was used to compensate for the first-order chirp. The length of the single-mode fiber was optimized for shortest pulse width. The autocorrelation traces measured after various lengths of the SMF are shown in Fig. 6 . The shortest pulses were achieved when the length of SMF was 35 m, corresponding to a total dispersion of 0.64 ps/nm. The autocorrelation trace of the shortest pulses was fitted by a sech 2 -pulse shape with a duration of 880 fs, as shown in Fig. 7 . The time-bandwidth product was reduced to 0.76 after the compensation. The deviation between theory and experiment in the pedestal indicates the presence of high-order chirps. The high-order chirp can be compensated for by use of two types of optical fibers with different group-velocity dispersions 15 or by the grating-pair method. 12 We also compensated for the output pulses generated by the laser with a planar mirror. The compressed pulses had a pulse width of 3.8 ps (not shown here), much longer than 880 fs.
In conclusion, a passively mode-locked semiconductor laser with an external SBR was investigated for the first time to our knowledge. Optical pulses with durations of 1.9 ps and 880 fs have been achieved without and with linear chirp compensation, respectively. These pulses are significantly shorter than those generated without a SBR. We conclude that use of a SBR is highly effective for generation of subpicosecond pulses in external-cavity mode-locked semiconductor lasers. 
